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ANALYSIS OF THE VELOCITY DISTRIBUTION AT THE BLADE TIPS OF AXIAL-
FLOW COMPRESSORS

H. Ufer!

1. Introduction /33%

It L
In most jet englnes with an axial constructilon there is a clearan%e

between the rotating blade and the housing wall through which the
pressure differential on the blade tips can be equalized between the
suction and pressure sides. A flow is created through the clearance
(clearance flow), which flows tranverse to the main flow direction and
1s included in the secondary flows in the impeller. It disturbs the
flow in the impeller and causes changes in the local pressure on

the blades and leads to changes in the 1lift and the resistance,
changes in the direction of the fluid streaming from the blade pas-
sages and, thereby, to a worsening of the effective capacity of the

Jjet engine.

The problem of clearance flow is difficult to surmount both
through calculation and experiment. The primary flow processes take
place c¢lose to the walls so that measurements with normal pressure
probes are hardly possible. The problem seems even more opaque
analytically, since the combined effects of the secondary flow yields
a very confused three-dimensional flow fleld 1n the blade and side
wall boundary layers and the clearance flow. Very steep velocity
and pressure gradlents as well as strong direction changes appear.

Since tﬁe clearance flow also appears in a frictionless, in-
compressible flow and the flow processes at the blade ends can be
described through the use of the third Helmholtz vorticity theorum
as with a finite airfoil wing, the description of the flow phenomenon

'This study was undertaken at the Hermann-Fottinger Institute of the
Technical University of Berlin within the framework of the research
project "Hot Wire Measurements in a Rotating System" of the German
Research Association, under the direction of Prof. Dr.-Ing. C. Schreck.
¥ Numbers in the margin indicate pagination in the foreign text.



with stationary individual blades or cascades [1 through 6] it was
ascertained that the observed flow behavior. at the blade tips could
not be explained with this 1dealized model, since actual flulds (cf.
Fig. 1), have, in part, opposing directions along the blades. This
flow property takes place in the flow around the blades 1n proximity
to the clearance, since the boundary layers of the blades, especlally
on the suction side, are strongly affected. In the jet engilne,

the clearance wall at the impeller moves relatlve to the blade. In

a turbine cascade the relative movement of the clearance wall 1is
directed form the suction to the pressure side, 1l.e., against the
direction of the clearance flow (Fig. 2); Because of the viscoslty
of the flowing medium it pulls the particles immediately present on
the wall against the flow direction through the clearance and, in
thls way, works against the clearance flow. In the compressor grid
the relative movement of the clearance wall is directed from the blade
pressure side to the blade suction side, whereby the clearance flow
is aided (Fig.2).

A series of experimental

e —° —)—> N studies on the problem of clear-

\ ance flow is already well known,

| DL
’//Pf\—\ @ | in which, however, the border

f conditions of the procblem 1s

/ usually simplified. All pre- /314

3l b < vious studies were concerned

with measurements : of static
Hig, 1. Schematic representation of . .
thg flow procedure at the clearance. cascade which were either level
a) for ideal fluid or a star type impeller. The
b) for fluids encountering friction
S suction side
D pressure side ing wall was replaced by a

relative movement of the hous-

revolving band in many cases
(1, 3, 4, 5]. The question of whether these results can be applied
to rotating cascade remain unanswered. There are studies [7-91, in

which the translation of results from level to stationary band cascades



for a few cases was tested and the problem of how these results could
be translated to rotating cascadeswasconsidereéhbut, nonetheless, 1t
was not shown whether or not the same flow processes take -'place on

rotating cascadesasarecbservedgnstationarﬂﬁevel or fanned cascades. s\

{ Measurements behind the
I
13
i

2L / // ////Af W(_ )
Eééégaf axial compressor impellers [10
‘| i / through 13] whichspatially
/ bound probs 1in proximity to
- the blade tips allow unexpect-

edly large defleections; buoy-

Fig. 2. Course of clearance flow
in turblne and compressor cascades; ancy coefficlents and losses.
viewed by an observer rotating

with the cascades. The boundary layer of the

a) without wall movement housing wall often climbs up

b) with wall movement in a turbine .

¢) with wall movement in a compress= to 20% of the blade height
sor behind the impellers. The

percentage of such a boundary
layer thickening which could be attributed to the clearance flow has
not been experimentally clarified. The hypothesls [13] that the
thickening of the boundary layer at the side wall 1s based on the
centrifuged blade boundary level, which 1s deflected in the axial
direction has not been experimentally tested.

In the present work an attempt is made to analyze the flow
processes at the blade tips in a rotating axial flow-through .cascade
by velocity measurements in the moving system. We hope to show to
what extent the course of the velocities in the blade passages,
immediately after blade discharge and cver the entire blade height
it is effected by cliii?nce flow. A comparison to these studies of

a static, flat gerid will show whether or not a rotating - cascade has the.

" same flow processes and effects as a stationary cascade.

2. Experlment .Arrangement

2.1 Experimental Cascade

The experiment was performed with a axial ventilator impeller.

This had full profile blades, the camber lines of which were circular
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arcs. The secondary ratio was
0.63. The blading was set for
constant spin for the prcduction
of a flow behind the Impeller.

A guideé wheel with 14 skeleton
blades, which dlrected the flow
in the axlal direction.

Fig. 3 shows the blade

geometry and probe coordinates

and Fig. 8 gives the blade para-
meters for the impeller and
guide wheel. The designatilon

of the . velocity components and
the angle in the mobile and
stationary systems are given in
Fig. 5. Since the probes ro-
tate between the impeller and
the guilde wheel, the gulde wheel

must be removed 0.5 times the

diameter in the axial direction

for the measurement. The dia-

Fig. 3. Blade geometry and probe
coordinates, f = maximum camber of
the airfoil seection, & = airfoil D is 400 mm and the clearance

meter of the impeller housing

length, A% = coordinates in the

directidén of the cord 1line, Rs = with s between the Iimpeller and

circumference radius, r = radius the housing is 1 mm. Related

of the ecylinder section, t = blade .

section, At = coordinates in the to the blade helght h the clear-
perdmeter direction, u = perimeter ance with s/h = 1.35%. Fig. 6

veloeity, ¥ = airfeoil section thick-
ness, o = angle of 1ncidence of the
probe from the axial direction, for the impeller with its guide

shows the characteristic curve

B-. = stagger angle, RB'5y = blade .
iglet angle, B'p = bla%e discharge wheel. The pressure coefficient
angle, 6 = blade circumference Y« at the stagger angle at the
angle. blade point Bg, = 25° 1s plotted

against the flow coefficient ¢. At this point the operating level with
the greatest efficiency 1s reached. Ap¢ 1s the total pressure at the
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measuring point 1 (Fig. 7). It 1s calculated from the measured static
pressure and the dynamic pressure calculated from the volume flow V.
The density p of the flow medium can be,. therefore, assumed to be
constant throughout the entire region, since the flow velocity is
continually smaller than 50 m/s and the pressure differences were
smaller than 100 kp/m2.

In this dimensionless depiction the characteristic curve is in-
dependent of the number of revolutions and the diameter of the impeller
as long as the Reynolds number and Mach number do not change slgnifi=
cantly.

2.2 Test Stand

For the experiment the impeller was built into a test stand for
axial ventilators (Fig. 7). It sucked in air from the experiment «
room through a known rotating inlet jet and conveys it in a tubing,
which serves as a measurement section for the measurement of the
pressure increase and the flow volume as well as the throttling. /35
The torque on the impeller shaft was determined with a swivel-bearing
motor. The number of revolutions of the impeller were 2000/min in each
measurement. It was malntained at + 1% constant through electronic

regulatiocn.

3. Measurement Technique

As was sald above the studles of the clearance flow cn statle
,cascadesnétserious%neasurement technical difficulties. For measure-
ments of rotating cascades theproblems of megsurement franslation and °
probe adjustment and maintenance are also factors. Since primarily
the clearance flow and 1ts effects must be investigated phencmenolog-
ically, i.e. the force of the velocitlies must be determined, the hot
wire measurement technicue was seen as especially suitable here. It
has the great advantage over the technique wlth pressure probes that
the measurement values can be translated electrically from the rota-

ting - system. Further, veloclty variations can be measured up to



frequencies of 80 kHz. In this way, the absolute flow through the iiﬁ
individual blade passages and the turbulent variations can also be
measured with a static probe. These variations can be seen as ex-
change motion between the boundary layers of the housing wall and

the blades, the clearance flow and the undisturbed flow and allows

the region of strong mixture of these various flows and their bound-
aries. Since the hot wire anemometer can be very small, there is no

gignificant dilisturbance of flow.

05y 100 . -
¢ : y :W For the measurement of
: D
ol e I —T the rotating system a measure-
: i / 1 !
P : : ment apparatus was developed
il el '/ | \ which is depicted in Fig. 8
o _ ;:h\ o : along with the impeller. It
bl ] ! .
Haz w0 ' “‘t:::::::-___{ ' can be disassembled as a whole
- P\\\ | from the 1mpeller to the cali-
E .3 ) \ 3 | .
ol 20 "~ "‘*‘*--,4 brator of the probes. Fig. 9
. o
| ““uﬁqﬁ___h____i- shows the hot wire measurement
ol o ! | apparatus with various probe
asé az 08 a9 10
/R | holders.
a) Lamfrad |
05y 700 G 1 | 3.1 Direction Measurements
: : with Hot Wire Anemometer
” | |
Ll ' A — For the measurements of
[ |
. ! : the flow velocity and the flow
$93 60 r-h‘_‘é__ ;.‘ direction probes with mono-
| D ——— . .
S L_g_ﬁ———~*"15 L filament hot wires were used.
2] 40 — . .
a ; —1 The varying heat flow in the
= i
~ ——— m : hot wire, when this flowed in
o1 20
. ' I different directions to its
. '
o o ; i length axis -—- 1n extreme cases
: aé @ ., 6 28 10 transverse or along its axis --

r/R

Fig. U4, Blade parameters for the im-
peller and guide wheel related to the the flow direction were given.
outer dilameter D plotted against the
radius ratic r/R {(cf. Fig. 3).

veloclty readings dependent upon

This difficult property was

. - used for direction measurements.@\
Key: a) impeller b) guige wheel '

-~



Since the direction char-
acteristic of ahotwire anemomter Is

" dependent upon the form of the
\ probe prong, the hot-wire length
\ and the hot-wire setting between

the prongs, a few probe forms

were investigated in the pretest
The attempt was made to develop

a hot-wire anemometer which could
measure the velocity independent
of the flow direction and was
highly sensitive tec the direction.

Filg. 5,
city components and angles in a+mobile
and a static frame of reference ¢ =
vector of the absclute velocity, Cp = anemometer shown in Fig. 102.
radial component, c¢,, = parameter com-
ponent, ¢ = absclute velocity in the
cylinder section surface, w = vector

Representation of the velo- These properties were satisfact-

orily filled by the hot-wire

The probes were comprised

of platinum-iridium tublets with

of the relative velocity, w_ = the
radlal components, w = circumfer- a 1.3 mm outer diameter and 0.8 mm
entlal components, w. = axial com-

inner diameter. The prongs wWere

ponents, w = relative veloecity in
the cylinder section surface, Aw_ =
deflection of the relative velocity,

of 0.6 mm thick nickel wire. The

> = angle of absolute velocity c
against the circumferential direc-
tion, By = angle of the relative
velocity w against the circumfer-
ence direction, B, = angle of the

vector of relative velocity w against

the cylinder surface.

Key: a. impeller axis

for the two vertical planes.

hot-wire itself is a platinum
wire of 5 um diamefter and about
It was attached to
the prongs by spot welding.

2.5 mm long.

In Fig. 11 the direction
dependence of the velocity re-
corder of the probes is depicted

The angles of iIncidence and slide, Y

and ¢, were determlned according to Fig. 12.

2The form of the probe prongs was developed by Dipl.-Ing. K. Giese
of the Hermann Fottinger Institute for flow technology of the Technical

University of Berlin.
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Fig. 6. Characteristic curve of the

ventilator.
A = V|- flow coefficient
T D’uq
B vie= b pressure coefficient
{0/2) 63}
P Apy v frici
C Ry o q e‘.101ency
D = impeller radius, Bg, = stagger

angle at the blade tips, uz = cir-
cumferentlal veloceity at the outer
diameter, Ny = 1lift performance of

the axle, = total pressure in-
erease, V = volume flow, p =
density.
Key: a. limit for disruption of
flow

b. thrusting condition

¢. pressure coefficient

d. efficienty

e. flow coefficient

With this probe the velo-
city can be measured in the
direction insensitive positive
and the directlon can be meas-

ured in the other position. It

can be seen that in the region /37

of zero flow direction the di-
rectlon sensitivity is small.
Therefore, a probe was developed
which 1s directlion sensitive for
this region. A small glass
cylinder was fixed between the
prongs of the probe and the hot-
wire was fastened parallel to
this. This lie 1mmediately

(0.1 mm) before the cylinder
about which the flow passed and
continually measured a velocity
based upon the flow about the
cylinder. The direction be-
havior of this probe (ef. Fig.
10, below) is depieted in Fig.
13.

3.2 Methcds for Direction
Determination

The methcod by which the
flow dlrectlon was determined
depended upon the velocity in
the tangential and radial di-
rections [14]. The method
which measured primarily the
veloclity at the dlscharge of
the cascade determined, the amount



Schematic repres
a-p
c-swivel

ing housing, e-test wheel,

Fig. 7.
periment arrangement,
air suspension,

1 Point of measurement for
static pressure

12 Point of measurement for
wﬁwvolume fiow V

entation of the ex-
ropeller torque, b-
bearing motor, d-bear-
f-coxrotaticnal hot-
h-screen,

wire anemometer,

g-straightener,

l-nozzle, k-diffuser,

L p—

Fig. 8.

- '.,"'\}
J ! ' i
L . 'i \d
- ‘ '
| |
_ |
- "

Hot-wire measurement appa-

ratus in a rotating system 1 probe
holden 2 probe adjustment mechan-

ism,

3 rotation transducer.

l1-iris diaphragm.

of relative velocity with a
co-rotational probe and the
amount of absolute velocity
with a stationary probe.

With a glven radial
veloclty the velocity tri-
éngle can be designated from
which the radial and axial
components of the flow can
be taken. The hot-wire is
in a radial direction for
these measurements and the
probes are placed approx-
imately in the flow direc-
tion. To determine the
radial components the hot-

/38

wire direction anemometer shown

If the

probe was placed in the im-
peller so that the axis of

in Fig. 10 was used.



Fig. 9. Hot-wire measurement apar-
ratus with various probe holders.

h '**udqﬁl!
—

Hitzfrani o K

-

Fig. 10. Hot-wire anemometer
forms below: hot-wire dilrection
probe, magnified approximately

I £imes.

Key: a. hot wire

10

its hot-wire was tangential

to the cylinder section sur-
face and the flow reached

this surface at an angle, then
this is equivalent to an in-
cident flow at angle Yy accord-
ing to Fig. 12.
Fig.1l2 large velocity changes
small deviations

According to

are shown with
from the zero direction. In
this way even small direction
deviations of the flow from
the cylinder section surface,
which depicts the flow plane
the

radial flow components can be

in the impeller, i.e.,

determined. In order to de-

termine this poslitive or ne-

gatlve direction two measure-
ments with the probe must be

performed. The second measure-
ment must be rotated 1860° from

the first measurement about

the probe shaft.

to the flow direction, the

According

velocity of the first measure-
ment is larger cr smaller than
the second in the asymetrical

calibration curve.



e e T kp 40 4 Gr

‘ “T“'! .ﬁ I | ___" i - 3.3 Recording the Velocity
S S e 7M1 B s il ‘ - Distribution

| i Pl TR
1 . } /" cfn \ .
S B . fi—r] For the measurements a

| - K] X
r_ﬁ——li;{ ¥ \\ system was developed, which,
. /Q; \\ ! as already mentloned consists
s A 0 |
; Q&’? inshiger N\ of a probe holder, transducer
f tif— <0 M%FMMI\ H% element and adjustment mech-

: f anism. The hot-wire anemometer

T 060 80‘700’
r&a

can move by one or more divi-

Fig. 11. Calibration curve for the sions upon a cylinder section

hot-wire anemometer (cf. Fig. 12).
Curve 1: v/vo f{y),e Qe in the radial direction re-

Curve 2: v/v f(e),y ne . & - mpell The

Curve 3; v/vg floos(e - ED)] lative to the impeller.
thrust veloecity is 1.5 mm/s

Key: a. favorable measurement range maximum. The adjusting path

o

of the probes is measured with

digits in the moving system by impulses, which 1s directed outwards
over slip rings and transformed electronically to a voltage pro-
portional to the impulse number. The voltage is applied on the
X-axls of an X,Y recording apparatus, on the Y-axls of which the
veloeity signal is given. An oscillascope was used as an X, Y re-~
cording apparatus. The velocity distributlon was depicted upon this

and it was photographed with a Polaroid Camera.

The hot-wire signal was translated from the rotating system
with a mercury rotating transducer. This transducer, in which the
electrical signal from a platinum-iridium axle rotatlng in a mer-
cury bath was recorded upon a stationary contact met -- 1In view of
its transition resistance for various numbers of revolutions --
the stringent requirements posed by the use of a constant resistance
hot-wire anemometer. The maximum resistance varlation in the rpm
region of 0 to 3000 was * 6m@. This yields an error in the velocity

of at most +* 0.5%.
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The absolute velocity was

measured in the same blade pas-

A sage as the relative velocity.
This was achieved by controlling
the beginning of the recording
with an external trigger signal.

| the recording was likewise photo-

Drehachsel Winkeires sart

j graphically preserved.

; b, Performance of the experi-
ment

/ The effect of the clearance

| 2) Ansteliwinkel i

flow was investigated in the
three operating conditions of
the impeller shown in Fig. 6.
Point 1 is ' an operating level
of high capacity and small
pressure increase, that is
small blade load. At operating
point 2 the greatest efficiency
is achieved. Point 3 is an

operating point near the limit

of disruption of flow for strong

thrusting of the capacity and

h) Schiebewinkel ‘ great blade load.

In these three operating /3
Fig. 12. Depiction of the flow angle
of the hot-wire anemometer in a free-

springing nappelcalibration). was measured with and without

conditions, the velocity field

angle of incidence clearance flow. The three c¢ho-~

angle of side slip sen operating points of the
flow plane

rotation axes (angle measure)
nappe axis measurements, that the flow

Key:

ventilator were so set for all

[ e e T « it

12
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coefficient of the respective

e
v

according to Fig. 6. The im-=

1
L
l/,
a n{ .
/T\
W W g
S 2
-
\/
<

peller draws the same volume

,-;J
/ 1
< :
/

P
=~
=]
P,

flow both with and without a

clearance. Thls was determined

« ] X 3
Sana\,z,f,dbﬁlaszyhnder '&\ L \ /

; ¥ “ 7 i 1
sat:af teniffe, — < v
) ?_\ A
FHitzdraht- Fa

c

l operating points remain constant
F
l
i

00 B0 60 40

m because the flow condifions or
ILE
' - ‘ the inlet triangles remain con-

Fig. 13. Calibration curve for stant and the changes of the

%he hot—wiPE)diPection probe velocity field at the impeller

cf. Fig., 12,.

Curve 1: V/Vmax = £(y), € = 0° discharge because of the clear-

Curve 2: v/v, = f{e), vy = 0° ance do not need to be attributed
. = = o

Curve 3: V/Vmax £(y), e 0 to varying flow conditilons.

Key: a. glass cylinder
b. probe shaft middle
¢. hot-wire field the veloclity over a blade

portion was measured (cf., e.g.
Fig. 14) for seven ratios r/R = 0.647; 0.7; 0.8; 0.9; 0.94; 0;96
and 0;98. Since all blade passages had in the mean an equal flow
through, as can be seen in Fig. 15 from the depiction of the absolute
flow through all 12 passages, the lnvestigation was only performed

To ascertain the veloclty

on one of the 12 blade passages.

For measurements without the impeller clearance. the clearance
between the impeller and the housing had to be closed without dis-
turbing the flow in the blade passage which was to be measured. After
a few pretests a simple strip of paper was shown to be a suitable
sealant for the clearance between the impeller and the housing. It.
was pasted to the blade pressure side and along the housing wall
(cf. Fig. 16). In order to prevent the paper strip from disturbing
the flow in the passage under study 1t was attached to the suction
side of the neighboring passage. There was no "way to avoid the
fact that with severe throttling the flow in this neighboring pas-
sage tended towards flow disruption. After the blade sealing the
distribution of the veloecity over all 12 blade passages was obtained

with a stationary probe.

13
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Fig. 14. Measurement values of the tem-
poral medlan values of the relative_ve-
locity w and the absolute velocity a with
the presence of a clearance between the
impeller and the housing and r/R = 0.9
for the thrust conditions 1-3 (cf. Fig.
&) plotted against dimension 1ifts in-
terval At/t from the suction side (cf.
Fig. 3).

14

Fig. 15b shows the
course of the absolute
velocity through the pas-
sages with a radial ratio
of 0.96. It can be seen
that the turbulence 1s
stronger in the neighbor-
ing passage uhder very
severe throttling (throt-
tling position 3) in this
outer blade region than in
the other passages. These
turbulence phenomena ‘are
typical for a beginning
dissolution of the flow.
The figure further shows
that this disturbance in
the neighboring passage
does not have any effect
upon the flow in the blade
passage, in which the ve-
loclty field was measured.

5. Measurement Results

In Fig. 17 the course
of the relative velocity
wlth and without clearance
flow is depicted for the
radial ratios 0.94; 0.96
and 0.98. In these outer
sections the velocity
flows with and without
clearance flow can be

clearly differentiated.



1B E _:—1 ’—V-]Pmn : The effect of a clearance can be
| lﬁ U\JVP\J'\}Vib\Jm \ seen in a type of veloclty dip,
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'Ib UQL‘\JVU}\J\JibQWmU 2 to a strongly throttled operating
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to the pressure side. From the

|

course of the velocities can be

seen that even under strongly
throttled conditilons the
velocities are relatively larege

onn the sucticn side and that the

flow has not been separated.

This lmmediate effeet upon the

h-.
‘..—-4

L

course of the veloclty can be
seen at approximately 80% of
the blade height. If there is

no clearance flow, then the

velocity is very equally dis-
tributed to about 95% of the
blade height. Then, however,

w“*

b} ohne Spalt zwischen Laufrad und Gehsuse bei #/R = 0,96 | -- in contrast to the case with
a clearance -- the velocity /10
Fig. 15. Distribution of the = . course changes decisively a
absolute velcocity over all 12 - & ely at
blade passages for the throtfle the throttle positen 3. The

positions 1 through 3 (cf. Fig. 6). velocity decreases sharply on
a) with a clearance between the

impeller and the housing at r/R = the suction side, 1.e. the flow
0.94. . is interrupted here. The fact
b) without clearance between the P € €
impeller and the housing at r/R = that no interruption appears
0.96. when a clearance is present at
Key: A. measurement passage the operating point and that a

dip in the velocity curve appears

can be explained as follows:
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The clearance flow, supported by the relative movement of the
wall tears the boundary material from the suction side. At the
throttle positdéon 3, at which the blades are highly loaded there is
a large pressure gradient between the pressure and suction sides of
the blades created by a clearance flow from the blade pressure side
to the blade suction side with corresponding kinetic energy. For
other throttle positions 1 and 2 this pressure ratio must be smaller,
since the blade load 1s not as great in these cases. A smaller im-
pulse of the clearance flow, however, corresponds to the smaller

pressure gradient.

i
I
j

Papiersireifen o

1 On the other hand, there
is a pressure field in the
blade passage which causes a
fiow from the pressure side of
the blade to the suction side
on the boundary layer at the
side wall. With increasing
blade depth it becomes weaker
transverse to the blade pas-

| £::::::::::i§ : ‘sage. The medium flowing
1

from the clearance must, there-
Fig. 16. Schematic representation
of the cleosing of the clearance be-
tween the impeller and the housing sure field. It is supported
wall.

fore, flow agalnst this pres-

by the relative movement of

paper strip the housing wall, which brings
measurement passage
suction side

pressure side Therefore, the more energetic

Key:
about a certaln tow effect.

o0 oW

clearance flow can, under heavy
throttling, flow against the pressure field and finally reach to the
pressure side of the oppoesing blade. At the same time the clearance
flow pushes the boundary layer material at the housing wall and the
blade suctlion side away from the suction side and becomes mixed with iﬂ;
this. A region with an energy poor flow comes about, which appears

as a dip in the velocilty curve.
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Fig. 17. Relative velocity w plotted against dimensionless
interval At/t of the suction side with and without clearance
between the impeller and the housing for various ratios r/R
and for the throttle positions 1 through 3 {(c¢f. Filg. 6). 8 =
suction side, D = pressure side.

Key: a. with clearance
b. without clearance

In the region of the suction side in which the enefgy poor

flow medium is sucked up by the clearance flow material with greater
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velocity can flow from the undisturbed flow. This causes high-flow
velocities to appear on the blade suction side as shown in Fig. 17.
These observations were made on a stationary blade by R. C. Dean Jr.
[5] and A. Fritzsche [6].

The measurements of the velocity distribution in the grade
passage (Fig. 18a through 18c) show the properties described above.
even clearer. For the throttle position 3 (Fig. 18a) a dip in the
velocity curve can be seen for 10% blade depth in the proximity of
the suction side. The clearance flow begins to enter the boundary
layer on the side wall here. At 30% blade depth the clearance flow
has begun to mix with the side wall and blade boundary layer to
create a region of low energy flow on the suction side and they begin
to move towards the blade pressure side together. In this liberated
area material flows along the blade suction side. Through a kind of
sucking away of the boundary level the flow is established despite
the great blade load near the 1limit of flow disruption, at which the
flow on the suction side must be interrupted at about 1/3 of the blade
depth.

The velocity distribution given for the throttle positions 1 and
2 can also be explained by the flow processes described for throttle
position 3. An even smaller pressure gradient between the blade
pressure and the blade suctlon sldes is present for the clearance flow
from throttle position 2 to throttle position 1 in order to maintain
the necessary flow energy with which it can flow agalnst the pressure
field in the blade passage. Fig. 18a shows that at these throttle
positions the clearance flow changes the veloclty curve in the blade
passage first at AL/& = 0.3 (Af = interval from the blade leading
edge). The action, however, takes place so that immediately on the
blade suction side boundary layer material is pushed off and space is
made for the medium with greater flow velocity. For the throttle
position 2 the clearance flow 1s able to push the boundary layer
material up to the blade and in the blade passage center. Since the
fiow through the blade passage 1s usually a blade flow, this flow is

18
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Fig. 18. Relative velocity w plotted against dimeﬂsignless
interval At/t (ef. Fig. 3) for various dimensionless inter-
vals A%/R of the blade leading edge (cf. Fig. 3) and ?he ]
throttle position 1 through 3 (ef. Fig. 6). § = suction side,
D = pressure slde.

Key: a. median relative velocity

especlally sensitive to disturbances. A disturbance 1n the veloclity -
cutve, such as that caused by the clearance flow increases in the

course of the grid flow-through. This can be seen clearly from Fig. 18a
through 18c as well as Fig. 17.

For the throttle position 1 and expansion of the boundary layer
on the pressure side can be detected, which is present both with and
without a clearance and, therefore, is not caused by the clesrance or
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clearance closing. Thils expansion cannot be explained by the tow ﬂﬂgﬂ
effect of the wall or a kind of abrasion of the wall boundary layer

in which the blades collect boundary material on the pressure side

and a decrease 1n velocity results. If the first or second effect

was the primary cause, then they must also appear for the other
throttle positions in the velocity curve. The cause must be seen if

an unfavorable incident flow upon the blades in these outer sections.
Since the approaching boundary layer of the housing wall is relatively
thin the cylinder section r/R = 0.98 lies outside of the boundary layer
(ef. Fig. 19). The flow reaches the blades with a negative angle of
incidence, as can be seen in Fig. 20, so that a disturbance - '
upon the pressure side can appear in the form of separatlon bubbles,
which lead to the thickening of the boundary layer on the pressure
side. In Fig. 18a to_180 it can be seen that with the radial ratios
r/R = 0.98 (Fig. 18a) such a disturbance 1n the boundary layer is
already present, which increases in the flow direction and points to
this property. For the radial ratio r/R = 0.96 (Fig. 18b) the dis-
turbance could not be detected in the forward blade section. On the
other hand, 1t 1s strongly present at the end of the blade passage.
For /R = 0.94 it cannot be found at all (Fig. 18¢). The fact that
the tow effect on the housing wall for the thin boundary layer on
the housing wall before the impeller contributes to a certain degree
to the flow process on the pressure side can be clearly seen from
the flow line within and without the boundary layer as shown in the
schematlically depicted processes in Filg. 2la. For the throttle 1 the
main flow in the blade passage is only slightly deflected. ©nly a
weak secondary flow appears on the pressure and suction side. The
flow lineg within the boundary layer on the side wall must, however,
be strongly deflected in order to proceed in the direction of the
main flow upon discharge from the blade cascades. It is supported by
the secondary flow. The relative movement of the housing wall and
the clearanée flow work against the secondary flow. Since the se-
condary flow is only slightly intensified the flow within the boundary
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layer .- does not receive the necessary support from it and is not
deflected against the tow effect of the housing wall and the clearance
flow (cf. Fig. 2la). The boundary layer material reaches the pressure

gide and inqreases the disturbance already present.

Genouse 2 If the velocity curves in
D /F:‘é:—‘:_f_‘;{_ s LA L
'““~4L\\ 1 \ Fig. 17 for the case without a
vy
, \\\ } clearance are compared, it can
presl SR R A N be seen that the expansion of
Sdleu!en‘abt'rkanfpﬁ
: the boundary layer at the end
o of the blade passage 1s greater
s
3ﬁﬁiﬁﬁﬁgéA g and can still be seen at r/R =
i 0.94. More material with lower
O
=y U P flow energy collects here than
, 098— 1 '“/"flwlflL with the presence of a clearance.
ﬁ Lam _\‘ i This can be explained by noting
| L
g that in this case no materilal
i ¥ can flow to the blade suction
! ooyr| L side.

! With increasing throttling
! the flow direction of the pri-
mary flow nears that of the

e F o4 as as; 07 [T] 09 ‘zaj boundary layer. The deflection
e/,

Fig. 19. Course of the boundary lay- differences of the flow lines
2r on the housing wall for the Impel- peoomes smaller and the blades

ler. ¢ = absolute velocity, cp = - Coos 3
median absolute veloclty from volume are flowed against'with a posi-

flow/surface, s = clearance with tive angle of incidence outside
Key: a. housing . of the boundary layer (Fig. 20).
b. blade upper edge At the same time the greater
¢. throttle poslition
deflection of the main flow ~ /4
causes a larger pressure gra-
dient transverse to the flow, which causes a more intensive secondary
flow. The flow lines within the boundary layer are now more strongly

deflected and the boundary layer material of the side wall flows more
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Eig. 20. Course of the angle of

}ncidence o, = Bg - B, (ef. Fig 3)

in the radiil direction for the

throttle positions 1 through 3

(cf. Fig. 6) with and without a

clearance between the impeller

and the housing

with clearance,
without clearance

symbol _ jojeje
throttle position [1| 213

ishes.

and more from the pressure slde
to the suction side. As, however,
was explained above, 1t is slowed
by the opposing clearance flow
and the flow process described

comes about.

In Fig. 21b, as in 2la, the
assumed flow lines within and
without the boundary layer are
deplcted for the case in which
no clearance ig present. The
same considerations apply here.
The clearance flow, however,
is not present to counteract

the secondary flow.

The tow effect of the
housing wall alone can overcome
the secondary flow only at
throttle position 1. With In-
creasing throttling its effect

upon the secondary flow dimin-

The boundary layer material of the housing wall reaches the

suction side more and more, thickens the boundary layer there and

leads to the disruption of the flow.

In Fig. 17 the disrupted flow

at throttle position 3 and v/R = 0.98 can be recognized by the sig-

nificantly lower velocity on the suctilion side.

Even at throttle

position 2 it can be clearly seen that the veloclty decreases towards

t+he suction side.

The immediate effect of the clearance flow is noticeable above

approximately 20% of the blade height.

The area as far as the hub

is indirectly affected Dby this disturbed flow region, in that the

circumferential components, axial components and the work conversion

are changed in the mean. In order to show these indirect effects
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Key. a. throttle position
b. secondary flow
c. clearance flow
d. relative movement of the housing wall
e. blade boundary layer
f. region of energy poor flow

representative mean values of a rotationally symmetrical velocity
field for the individual cylinder sections or formed as follows:
The mean value of the axial components CX m related to the

3

circumferential velocity of the impeller at the outer radius CX -
3

c /u_. 1s given from

x,m’ Ya
1
EE:(dR*fC“de(gg
o 23

|
|
|




& Gehdyse
oY S NOPEIIII ORI ITI IV I DI FPDY

RSSO
/
oass

ay

as8s

08
(%)
o

a’s

a7
068
i WSO S Clgiie, o

ﬁ%ﬁgﬁﬁxhw/IO’ LTI AT CTTISY,
A .
06
& a 0z 03 04 05 o
e e

Fig., 22. Distribution of the
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the throttle pesitions 1

through 3 (cf. Fig. 6) with
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Fig. 23. Distribution of the

mediated radial components C
of the absclute velocity cover’
the blade passage height for the
throttle positions 1 through 3
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¢clearance between the impeller
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symbol jojoije
throttle position| 1| 2 3
Key: a. housing

b. hub

whereby At/t is the given dimensionless distance from the blade's

suction side.
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Fig. 24. Characterlstic value of the
work conversion

1
E= (k) fc, c, d({::)
0

over the blade passage height for
the throttle positions 1 through
3 (ef. Fig. 6) with and without
a clearance between the impeller
and the housing

wilth clearance

without clearance

I

symbol jojo]e
throttle position |1l2[3
Key: a. housing

b. hub
height.

The circumferential com-
ponents of the absoclute flow are
found from the equation

wherein C_ = Ek/ua and C =
cu/ua.

In the Figs. 22 and 23 the
distribution of the medlated
values over the blade height 1s/Ul4
depicted. The effects of the
clearance flow upon the total
velocity curve over the blade
height can be clearly seen.

Since the clearance flow causes

a thickening of the side wall
boundary layer at the blade’

tips, the axial components of

the flow up to the hub are

greater than without a clear-
ance. The circumferentlal
components of the absolute flow
In Fig. 24,
the energy flow distribution

are also greater.

given from the egquation

is depicted over the blade

It corresponds to the work conversion of the impeller.
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